Aims/hypothesis We examined a clinical model of ex vivo transdifferentiation of primary adult hepatocytes to insulinsecreting cells for the treatment of type 1 diabetes. Materials and methods Isolated rat hepatocytes were transduced in primary culture with a human lentivirus containing pancreatic duodenal homeobox 1 (PDX1, now known as insulin promoter factor 1, homeodomain transcription factor [IPF1]). Insulin expression and secretion of the newly engineered cells were assessed in vitro by RT-PCR, in situ hybridisation, immunostaining and radioimmunoassay. PDX1-transduced hepatocytes were further studied in vivo by injecting them under the renal capsule of diabetic SCID mice. Results Isolated rat hepatocytes were efficiently transduced with the lentiviral vector, as assessed by green fluorescent reporter gene expression. The transduced cells exhibited insulin at both mRNA (RT-PCR, in situ hybridisation) and protein levels (immunostaining and radioimmunoassay). Moreover, insulin secretion by the engineered cells was dependent on glucose and sulfonylurea. Other beta cell genes, including those encoding solute carrier family 2 (facilitated glucose transporter), member 2 (Slc2a2), glucokinase (Gck), ATP-binding cassette, sub-family C (CFTR/ MRP), member 8 (Abcc8), the potassium inwardly-rectifying channel, subfamily J, member 11 (Kcnj11) and proprotein convertase subtilisin/kexin type 1 (Pcsk1) were also expressed. The PDX1-transduced hepatocytes expressed several pancreatic transcription factors related to early pancreatic endocrine development (endogenous Pdx1, 6 transdifferentiated liver cells under the renal capsule of seven streptozotocin-induced diabetic SCID mice resulted in significant reduction of nonfasting blood glucose levels from 30.7 ± 1.3 to 8.7 ± 3.7 mmol/l (mean ± SEM, p=0.01), in 6 to 8 weeks. Removal of the graft resulted in severe hyperglycaemia. Conclusions/interpretation Ex vivo lentiviral-mediated PDX1 expression in isolated adult liver cells represents a potential model for type 1 diabetes mellitus therapy.
Introduction
Beta cell replacement is a potential therapeutic approach for the treatment of type 1 diabetes. However, a shortage of human organ donors and host-graft rejection impede the widespread application of beta cell replacement. This has stimulated efforts to expand existing pancreatic islets or grow new ones. As beta cells have an extremely low replication rate [1] , transplantation of non-beta cells that produce insulin has become a reasonable alternative [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The pancreatic duodenal homeobox-1 (PDX1, now known in humans as insulin promoter factor 1, homeodomain transcription factor [IPF1]) plays an important role in the development and differentiation of the pancreas [13] [14] [15] . Later in life, it is required for maintaining beta cell identity by positively regulating the expression of insulin and islet amyloid polypeptide [16] [17] [18] and negatively regulating glucagon secretion [19] . PDX1 regulates the expression of solute carrier family 2 (facilitated glucose transporter), member 2 (SLC2A2, previously known as glucose transporter 2 [GLUT2]) [16, 20] and glucokinase (GCK) [21] , the two key components of the beta cell glucose-sensing system. PDX1 is also one of the main transcription factors mediating the stimulatory effect of glucose on insulin gene expression and secretion [22, 23] . Recently, Ferber and colleagues showed that adenoviralmediated PDX1 expression in liver activates insulin and other beta cell specific genes [24, 25] .
The lentiviral vectors derived from human immunodeficiency virus (HIV)-1 have the unique ability to transduce both non-dividing cells and hepatocytes [26] [27] [28] . They integrate stably into the genome of the host cell and are therefore potential vectors for long-term expression of therapeutic genes. Moreover, they overcome most of the drawbacks of adenoviral vectors, such as toxicity and immunogenicity [29] . Another limitation of adenoviral delivery of PDX1 is that it results in only about one copy per liver cell. Fetal human progenitor liver cells became insulin-producing cells in response to expression of PDX1 via a lentivirus (equine infectious anaemia virus-based vector) [30] . However, this method has not been tested using mature adult hepatocytes or a human lentiviral vector. In the present study, we examined the hypothesis that we could achieve glucose-sensitive insulin secretion at a level sufficient to regulate glucose homeostasis in a diabetic animal model using an ex vivo cell therapy approach. We expressed high levels of PDX1 in isolated adult liver cells in vitro using a human lentiviral vector, transplanted the cells into diabetic mice, and examined the effects on insulin expression and secretion.
Materials and methods
Isolation and culture of adult rat hepatocytes Animals were kept under standard laboratory conditions and had free access to food and water. The study was approved by the animal welfare committee of the Technion, and 'Principles of laboratory animal care' (NIH publication no. 85-23, revised 1985; http://grants1.nih.gov/grants/olaw/references/ phspol.htm) were followed.
Primary rat hepatocytes were isolated from male Lewis rats (150-180 g; Harlan Laboratories, Jerusalem, Israel) by a two-step collagenase method, as previously described [31, 32] . Briefly, following anaesthesia by intramuscular injection of a ketamine/xylazine mixture (100 and 10 mg/kg, respectively), the liver was perfused in situ through the portal vein with 0.05% collagenase type IV (Sigma Chemical, St Louis, MO, USA). Parenchymal hepatocytes were purified by low-speed, iso-density Percoll centrifugation (Sigma) [33] . Non-parenchymal cells were identified by their size and morphology and made up less than 1% of the cells. Isolated hepatocytes were plated on a single layer of collagen gel [32] for in vitro experiments or in 100-mm plates (Primaria; Becton Dickinson, Franklin Lakes, NJ, USA) for in vivo experiments. The primary hepatocytes were seeded in William's E medium (Biological Industries, Beth Haemek, Israel) supplemented with 5% FCS, 10 mg/l insulin-transferrin-selenium supplement (Roche Applied Science, Mannheim, Germany), 10 mmol/l nicotinamide, 10 ng/ml endothelial growth factor, 2 mmol/l L-glutamine, 2 mmol/l sodium pyruvate, 20 mmol/l HEPES, and antibiotics. The medium was replaced 4 h later and daily thereafter with serum-free supplemented William's medium.
Vector production and in vitro transduction Vesicular stomatitis virus G-pseudotyped, HIV-1-based lentiviral vector particles carrying complementary DNA (cDNA) for the human PDX1, were produced by cotransfection of four plasmids (pCMVDR-8.92, 7.5 μg; pRSV-Rev, 5 μg; pMD.G, 3 μg; WPIG-PDX1 vector, 10 μg) in 293T cells via the calcium phosphate precipitation method [34] . The plasmid constructs were prepared by two of us (D. Trono and P. Salmon). Briefly, the human PDX1 gene and the gene encoding enhanced green fluorescent protein (EGFP) were subcloned into a self-inactivating vector, under the transcriptional control of the human elongation factor-1α promoter [35] . An empty vector was constructed by excising the PDX1 insert from the original vector using specific primers and a kit (QuikChange; Stratagene, La Jolla, CA, USA). The packaging plasmid, pCMVDR-8.92, is a capsid-encoding plasmid derived from pCMVDR-8.91, which contains the tat coding sequence and a deletion of the BamHI restriction site in the coding region of rev. The rev-expressing plasmid (pRSV-Rev) and the plasmid encoding the VSV-G envelope (pMD.G) are described elsewhere [34, 36] .
High viral titres of 5-10×10 5 transducing unit per ml were regularly obtained by transient transfection of the four plasmids. The titration of the viral vector was performed in Cos7 cells by fluorescence-activated cell sorter.
At 8 to 10 h after seeding, hepatocytes were transduced by exposing them to ten to 15 multiplicity of infection (MOI) of the PDX1-lentiviral vector for 12 h in the presence of 4 μg/ml polybrene (Sigma).
Detection of insulin expression by RT-PCR Total RNA was extracted with Trizol reagent. Reverse transcription was performed on 2 μg total RNA using a kit (Reverse-iT 1st Strand Synthesis; ABgene, Epsom, UK) according to the manufacturer's protocol. cDNA was amplified by using the primer pairs and conditions listed (see Electronic supplementary material [ESM] Table 1 ). PCR products were separated by electrophoresis in 2% agarose gels and visualised by ethidium bromide staining.
Detection of insulin expression by in situ hybridisation We used probes for mouse insulin-1 (677 bp) cloned in pBluescribe (Vector Cloning System, San Diego, CA, USA). Antisense and sense probes for in situ hybridisation were produced by transcription using an RNA labelling kit (Sp6/T7 digoxigenin [DIG]-RNA; Boehringer, Mannheim, Germany) following the company's instructions. The transduced and untransduced hepatocytes were hybridised with sense and anti-sense DIG-labelled RNA probes as described [37] . Hybrids were detected using anti-DIG antibodies conjugated with rhodamine (Cat. no 1207750; Roche).
Insulin immunostaining Transduced and untransduced hepatocytes were fixed in 4% paraformaldehyde for 10 min and then blocked with 10% goat serum, 1% BSA, 0.5% Triton X-100 in PBS for 30 min. The cells were incubated with mouse monoclonal anti-insulin antibodies (cat. no. I2018; Sigma) (1:500) for 2 h at room temperature. The primary antibodies were detected with a cyanine Cy3-conjugated goat anti-mouse antibody (Cat. no. 115-165-062; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) (1:500) for 1 h at room temperature.
At 8 weeks after subcapsular kidney transplantation (see below), the kidney with the implant was dissected, and embedded in paraffin according to standard procedures. Sections (5 μm) were deparaffinised, rehydrated, microwaved in 10 mmol/l sodium citrate (pH 6.0) for 20 min and then blocked as described above. Endogenous peroxidase activity was blocked with 3% H 2 O 2 in methanol for 10 min. Immunohistochemical detection of insulin was performed with guinea pig anti-insulin antibodies (1:50) (DakoCytomation, Glostrup, Denmark) overnight at 4°C, followed by the avidin-biotin-peroxidase complex detection method (BioGenex Laboratories, San Ramon, CA, USA). Diaminobenzidine substrate solution was used to produce a redbrown precipitate. Analysis and photo-documentation were performed using an Olympus microscope (IX81; Olympus America, Melville, NY, USA) and a charge-coupled camera (DP70; Olympus).
In vitro insulin production from transduced hepatocytes Primary hepatocytes were plated in 12-well plates at 200,000 cells per well, on collagen gel (100 μl/well), cultured and infected as described before. On the eighth day of culture, the medium was removed and the cells were washed twice with KRB supplemented with 1% BSA (Sigma). The cells were preincubated in KRB at 37°C for 1 h, followed by incubation in 0.5 ml/well fresh KRB containing the indicated glucose concentration for the indicated periods. In some experiments, secretagogues were added to the glucose (200 nmol glibenclamide or 40 nmol repaglinide) or the glucose was replaced with its non-metabolisable analogue, L-glucose.
At the end of the incubation period, the insulin released into the incubation buffer was measured by radioimmunoassay according to the manufacturer's instructions (cat. no. SRI-13K; Linco, St Charles, MO, USA). To determine cellular insulin content, the cells were scraped from the wells with 3 mol/l acetic acid, lysed by three freeze-thaw cycles, and lyophilised. The samples were reconstituted in 1% SDS prior to the insulin assay. The cell protein concentration for each well was also determined using a kit (Protein Assay Kit; Bio-Rad, Hercules, CA, USA), and insulin values were normalised to the protein concentration.
Metabolic labelling studies PDX1-transduced hepatocytes were cultured for 10 days, as described before. Cell transplantation Transduced hepatocytes were collected with 1 ml of 0.05% trypsin (Sigma) per 100-mm Primaria dish. The cells were resuspended in 50 μl normal saline just before the infusion.
We rendered 6-week-old SCID-beige male mice (Harlan, Jerusalem, Israel) hyperglycaemic by i.p. injection of 200 mg/kg body weight streptozotocin. Only mice with blood glucose levels above 16 mmol/l, for at least 4 days, were used as cell recipients. The suitable animals were maintained on daily injections of 1 U long-acting insulin (Lantus; Sanofi-Aventis, Paris, France) for 2 days before and 4 days following transplantation. Mice were anaesthetised by intramuscular injection of ketamine/xylazine (150, 10 mg/kg, respectively) and transplanted with 3×10 6 viable hepatocytes under the left renal capsule using a 30-gauge needle. Blood glucose levels were monitored in samples obtained from the tail veins of fed mice using a glucometer (FreeStyle; Thera Sense, Alameda, CA, USA). At the indicated time point, the mice were anaesthetised and subjected to left kidney nephrectomy, and blood glucose levels were monitored for an additional 2 days.
Intraperitoneal glucose tolerance test Animals were fasted for 6 h and injected i.p. with 50% dextrose solution at a dose of 1 g/kg body weight. Blood glucose was measured before and at 30-min intervals after glucose infusion.
Statistical analysis The differences in various experimental conditions and time points were analysed with Student's t tests. Differences were considered significant at p<0.05.
Results
Mature hepatocytes were transduced overnight in primary culture with ten to 15 MOI of PDX1-lentiviral vector, and then examined 8 days later by RT-PCR, in situ hybridisation, immunocytochemistry and RIA.
Expression of beta cell-specific and glucose-sensing genes in PDX1-transduced hepatocytes As expected, lentiviraltransduced hepatocytes expressed the exogenously introduced human PDX1 (Fig. 1a) . Expression of endogenous rat Pdx1, which was probably activated by the human PDX1 transgene, was also detected (Fig. 1b) . The rat insulin genes, Insulin I and II, and the gene encoding proprotein convertase subtilisin/kexin type 1 (Pcsk1; previously known as prohormone convertase 1, [PC1/3]) were expressed in transduced hepatocytes and in RNA derived from rat pancreas, but not in untransduced hepatocytes (Fig. 1b) , suggesting that PDX1-transduced hepatocytes could potentially produce mature insulin. Many constituents of the glucose-sensing beta cell cascade are identical or similar in both liver and beta cells, including Slc2a2, Gck [38] , ATP-binding cassette, sub-family C (CFTR/MRP), member 8 (Abcc8; previously known as sulfonylurea receptor 1 [Sur1]) and the potassium inwardly rectifying channel, subfamily J (Kcnj11; previously known as Kir6.2) [39] . Indeed, Slc2a2, the liver-type Gck, and Abcc8 were natively expressed in primary hepatocytes and were not affected by human PDX1 overexpression (Fig. 1b) . In vivo production of PDX1 in liver also induces expression of the pancreas-type Gck [40] . The liver expresses the potassium inwardly rectifying channel, subfamily J, member 8 (Kcnj8; previously known as Kir6.1), a different subunit from the Kcnj11 found in pancreas [39] . In our hands, two forms of the potassium channel were expressed in transduced hepatocytes, while the control untransduced hepatocytes expressed only one (most probably Kcnj8). The second form in the transduced hepatocytes is similar to the one expressed in the pancreas, being most probably Kcnj11 (Fig. 1b) . The PDX1-transduced hepatocytes also expressed several pancreatic transcription factors related to early pancreatic endocrine development (endogenous Pdx1 (Fig. 1b) . Beside beta cell-specific genes, PDX1-overexpression in primary hepatocytes induced expression of other pancreatic endocrine and exocrine genes such as glucagon, somatostatin, pancreatic polypeptide and amylase, while expression of albumin was downregulated in PDX1-transduced cells (Fig. 1b) . The expression of human PDX1 gene in transduced hepatocytes is also evident from the expression of the reporter gene encoding EGFP, both genes being subcloned into the same vector (Fig. 2a) . Direct immunofluorescent examination of the cultured cells shows that, at ten to 15 MOI lentiviral vector, virtually all hepatocytes were infected (Fig. 2b) .
Insulin mRNA expression in PDX1-transduced cells was further revealed by in situ hybridisation. Insulin mRNA staining was present exclusively in transduced hepatocytes hybridised with an antisense RNA probe (Fig. 2d) , but neither in control untransduced hepatocytes (Fig. 2e) , nor in transduced hepatocytes following sense RNA probe treatment (Fig. 2f) .
Insulin protein is present in PDX1-transduced hepatocytes In order to determine whether the insulin protein was efficiently translated in these newly engineered cells, an immunofluorescence assay was performed. As shown in Fig. 2g , the transduced hepatocytes clearly exhibited cytoplasmic insulin immunoreactivity and a cell distribution in islet-like groups. Untransduced hepatocytes lacked insulin immunoreactivity (Fig. 2h) . The PDX1-transduced cells appeared to be a homogeneous population, with most cells staining positive for both insulin mRNA and protein, confirming that the insulin protein immunostaining was due to insulin synthesis and not just to uptake from the medium, as has been shown in embryonic stem cells [41] .
Glucose-stimulated insulin production and secretion from transduced hepatocytes We next studied changes in insulin cell content and insulin release in response to glucose or various secretagogues (Fig. 3) .
Insulin content and insulin release showed similar dose-response curves, with submaximal stimulation at 5 mmol/l glucose (Fig. 3a) . Maximal stimulation was achieved at 25 mmol/l glucose, with a 2.7-fold increase in cell content of insulin and a 2.3-fold increase of insulin in the medium (p=0.001 and p=0.02, respectively). The metabolically inactive analogue of glucose, L-glucose, did not stimulate insulin synthesis or release from the transduced cells (Fig. 3a) . Adding secretagogues to 5 mmol/l glucose Fig. 1 RT-PCR analysis of gene expression in PDX1 (IPF1)-transduced hepatocytes. mRNA extracted from transduced and untransduced hepatocytes was subjected to RT-PCR analysis with primers for the indicated genes. a Analysis of expression of human IPF1 (PDX1), with plasmid DNA as positive control. b Analysis of expression of rat pancreatic genes, with rat pancreas extract as positive control. Primers for actin were used as internal control. The absence of DNA contamination in RNA samples was confirmed where possible with PCR primers flanking an intron or by omitting the reverse transcription step. The amount of the input cDNA was the same for control pancreas and for PDX1-transduced and untransduced hepatocytes resulted in additional insulin release (Fig. 3b) . In normal glucose medium, repaglinide enhanced insulin release 3.4-fold (p<0.0001) and glibenclamide 2.7-fold (p=0.003) over the basal level (Fig. 3b) .
Insulin release from PDX1-transduced hepatocytes in response to 25 mmol/l glucose stimulation was 48±16 ng mg protein of cell lysate −1 2 h −1 (mean±SEM; range 18-72 ng mg −1 2 h −1 ). Small amounts of insulin, most probably carried over from the culture medium, were detected in untransduced hepatocytes, and were subtracted from the above value. In another series of experiments, insulin progressively accumulated in the incubation medium over an 8-h time course when three glucose concentrations (5, 10 and 25 mmol/l) were tested (Fig. 4) .
Transplantation of transduced hepatocytes under the kidney capsule of diabetic immunocompromised mice reverses diabetes
In order to examine the in vivo function of the transduced cells, human PDX1-transduced cells were implanted into streptozotocin-induced diabetic SCID-beige mice. Blood glucose decreased significantly in diabetic mice implanted with PDX1-transduced hepatocytes (n=7), from 30.7±1.3 mmol/l before cell transplantation to 8.7± 3.7 mmol/l 2 months after transplantation (mean±SEM, p = 0.01) (Fig. 5a ). In contrast, control mice (n = 2) implanted with hepatocytes transduced with lentiviral vectors lacking the insert retained their high pretransplantation or even had slightly higher glucose levels. Furthermore, the treated diabetic mice gained 38% of their starting body weight (p=0.0076), while the control mice gained only 12.7% of their body weight (p=0.047). An intraperitoneal glucose tolerance test showed a significant clearance rate 1 h after glucose infusion in animals implanted with PDX1-transduced hepatocytes (p=0.03) (Fig. 5b) . Removal of the graft-bearing kidney from two PDX1-treated mice resulted in the resumption of severe diabetes, further supporting the idea that the graft had accounted for the reversal of hyperglycaemia (Fig. 5a) .
At 8 weeks after transplantation we removed the implanted kidneys in the remaining animals. Examination of the histology of the grafts by haematoxylin-eosin staining showed circumscribed tissue without evidence of invasion into the adjacent kidney parenchyma. Small blood vessels could be seen within the grafts. Immunohistochemistry with an anti-insulin antibody showed that insulin was present in most of the graft cells (see ESM Fig. 1) . 
Discussion
The present study demonstrates that primary hepatocytes can be engineered to function in vitro and in vivo as beta cells. The transdifferentiated cells exhibit the following distinct regulatory beta cell-like functions: (1) they secrete insulin in response to glucose and secretagogues in a dosedependent manner (Figs. 3 and 4) ; (2) they are morphologically rearranged like beta cell islets both in vitro (Fig. 2g) , and in rat liver in vivo (data not shown); (3) they are able to normalise in vivo plasma glucose levels of diabetic mice when implanted under the animal kidney capsule (Fig. 5) ; and (4) they reverse the weight loss associated with the disease in diabetic mice. These functions are essential to the control of glycaemia in humans as well as other mammals.
The ability of PDX1 to induce transdifferentiation of liver cells into insulin-secreting cells, studied mostly in vivo, has been quite controversial. Ferber et al. [24, 25] documented that production of PDX1 in 30 to 50% of mouse liver cells by adenoviral-mediated gene transfer enabled a small proportion of the cells to produce insulin in vivo and to prevent streptozotocin-induced diabetes. However, a similar study using a newer generation of adenoviral vector for PDX1 delivery showed only a transient and partial lowering of the blood glucose levels [42] . In another model [40] , induction of PDX1 in more than 50% of hepatocytes in a conditional transgenic mouse initiated, but did not complete the differentiation of liver cells into mature pancreatic cells. In another study, expression of an activated form of PDX1 carrying the VP16 transcriptional activation domain in transgenic tadpoles led to conversion of most of the liver to pancreas containing both exocrine and endocrine cells [43] . However, in the same study, no evidence of transdifferentiation was seen when an unmodified form of PDX1 was used, suggesting that PDX1 requires the recruitment of other protein partners, transcription factors, or cofactors in order to fully exert its function or to overcome repressors in the liver.
In vivo expression of PDX1 by adenoviral gene delivery or by transgenic expression delivers only about one PDX1 gene copy per liver cell. In the present study, we aimed to augment the copy number in the transduced cells. We showed that high expression of PDX1 can be induced ex vivo in isolated rat liver cells using a lentiviral-based vector. These findings are consistent with other recent studies using lentiviral vectors [27, 28] . In our study, the infection of rat hepatocytes at 10 to 15 MOI resulted in gene transfer to essentially 100% of the liver cells, probably with multiple proviral integrations per transduced cell. Furthermore, cross-species transplantation into diabetic SCID mice resulted in significant amelioration of hyperglycaemia. This correction was possible without preselection of transduced cells before transplantation. A further increase in the MOI of the lentiviral infection was associated with an increase in insulin secretion but also Recently, Ferber et al. [24] published similar data using adenoviral-mediated PDX1 expression in human adult hepatocytes. However, the adenoviral vector enabled transduction of only 50% of cultured hepatocytes, even at very high doses of viral vector (MOI=500). Moreover, less than half of the PDX1-transduced hepatocytes produced insulin, suggesting that a small PDX1 gene copy number per hepatocyte cannot efficiently activate the insulin promoter.
The importance of the transplantation site should also be noted. We were unable to effectively reduce plasma glucose levels when 2×10 7 transduced cells were injected directly into the portal vein of streptozotocin-induced diabetic rats. Although the cells formed islet-like structures with positive insulin staining, overall glucose homeostasis was not achieved even after 4 months (data not shown). The discrepancy between the rat and mouse models might be explained by species differences, the smaller amount of positive cells relative to the rat body weight, or an immune response to the gene product.
The forced expression of PDX1 in primary hepatocytes induced expression of the following important components of the glucose-dependent mature insulin secretion cascade: (1) Insulin, Pcsk and Kcnj11; (2) numerous other genes related to pancreatic endocrine and exocrine function (glucagon, somatostatin, amylase, and pancreatic polypeptide); and (3) developmental-related transcription factors. Moreover, the approximately equal expression of both insulin genes in transduced cells supports the transdifferentiation process versus PDX1 acting primarily as an activator of the endogenous insulin gene. Although expression of albumin was significantly downregulated in PDX1-transduced cells, it was still expressed, suggesting an incomplete transdifferentiation of these cells, at least in some of the cells or in the first 8 days after transduction.
The in vitro studies were done 8 to 10 days after transduction, the longest period over which we could keep the cells viable. The PDX1-transduced hepatocytes were less responsive to glucose and secreted less insulin than native beta cells in vitro (RIA). At this time point, metabolic labelling and HPLC analyses failed to detect a proinsulin:insulin ratio. Apart from the technical problem, it is worth noting that the studies were conducted in cell culture after 10 days, while the in vivo effectiveness of these cells was established after 3 to 4 weeks. Although we demonstrated the existence of insulin by immunohistochemistry, radioimmunoassay and activity in vivo, we cannot rule out the possibility that in our model, proinsulin may have played a role in ameliorating in vivo glucose homeostasis. However, the cells secreted sufficient insulin to regulate glucose homeostasis over at least 8 weeks when transplanted in vivo. Bearing in mind that the effect reached significance only 3 weeks after transplantation, it is possible that the in vivo environment allows these engineered cells to further mature or differentiate into fully functional cells that are capable of lowering blood glucose levels. In support of this, equine lentiviral-mediated expression of PDX1 turned fetal human progenitor liver cells into insulin-producing cells in about 3 weeks [30] , while pancreatic non-endocrine cells transfected with PDX1 expressed insulin and other beta cell specific genes in vitro, but were only able to actually secrete insulin after being 6 PDX1-transduced hepatocytes (black symbols, n=7). Control diabetic mice were injected with equivalent amount of transduced hepatocytes with lentiviral vector but without PDX1 insert (white triangles, n=2). Non-fasting blood glucose levels were measured at indicated time points, at 09:00 hours. On day 60 after transplantation (arrow), two mice underwent removal of kidney bearing the graft and blood glucose levels were followed for 2 more days. Asterisk: p=0.0018 for reduction in blood glucose level at 16 days, compared with blood glucose at 7 days after transplantation. b Glucose tolerance test performed on mice at 60 days after transplantation. After 6 h of food deprivation, glucose (1 g/kg body weight) was administered i.p. in mice treated with PDX1-transduced cells or in control mice transplanted with transduced hepatocytes with lentiviral vector lacking PDX1. Results are means of two animals in each group. Black symbols: with PDX1; open symbols: control. Asterisk: p<0.05 for reduction in blood glucose level at 60 min, compared with blood glucose at 30 min after glucose infusion transplanted in vivo [45] . Thus, a hepatic cell line (WB) that had been stably transfected with an activated form of PDX1 and expressed many genes of endocrine pancreatic development showed a more mature islet expression profile after in vitro exposure to high glucose levels and even more after in vivo transplantation [46] . The hyperglycaemic in vivo environment and close contact with host cells may have contributed to the differentiation of cells into fully mature beta cells, although the exact mechanism is not yet exactly understood and not easy to establish.
Although hyperglycaemia was significantly improved in our PDX1-treated animals compared with controls, and occasional 12-h fasting measurements showed blood glucose levels in a normal range (<5.5 mmol/l), the PDX1-treated animals still manifested moderate hyperglycaemia under fed conditions. This may be due to the limited number of cells that could be injected, despite the efficient engraftment of the transplanted cells in this model of cell transplantation under the renal capsule.
Autotransplantation of genetically engineered hepatocytes avoids immune rejection and the concomitant side effects of lifelong immunosuppressive treatment. In the present study, we were unable to provide liver cell therapy by transplantation of genetically engineered hepatocytes via the portal vein as an alternative strategy to injecting an adenoviral PDX1 vector. However, we believe that high expression of the PDX1 gene in a limited number of cells may be sufficient to achieve normal insulin secretion and to allow correction of the metabolic disorder. Overall, our data demonstrate significant progress in the ex vivo gene delivery that is potentially applicable for type1 diabetes therapy.
